New Bacteriophages Active on Strains of Hyphomicrobium
Fifty-five lytic bacteriophages isolated from water and soil samples were active on many strains of the genus Hyphomicrobium. The optimal isolation procedure was an adsorption method in which samples from a habitat similar to that of the respective host bacterium were used as the phage inoculum. According to the morphology and nucleic acid type these bacteriophages belonged to different families: Myoviridae (type A1 : five phages); Styloviridae (type B1: 33 phages; type B2: eight phages) and Podoviridae (type C1: nine phages). The Styloviridae (type B1) appeared in two morphological variants (tails flexible or rigid). All phages investigated were specific for the genus Hyphomicrobium and were unable to lyse members of other genera of hyphal, budding bacteria (e.g. Hyphomonas, Pedomicrobium, genus D , genus T). The host specificity of 42 phages was tested with 156 Hyphomicrobium strains : 122 strains were lysed by at least one of these phages, but 34 Hyphomicrobium strains were not susceptible. Morphotype B1 phages with identical morphology could be distinguished according to their host-range properties on prophage-containing Hyphomicrobium strains. With regard to differences in morphology and host range, 25 phages were selected for more detailed investigations. From these phages DNA was isolated; the melting transition midpoints (T,) ranged from 67 to 93 "C. The upper and higher values suggested the presence of DNA modifications. Six different adsorption patterns could be distinguished among the Hyphomicrobium phages. Preferred attachment sites were the proximal pole of the mother cell, the hyphal tip, the distal pole of the bud, and the distal pole of the swarmer cell.
I N T R O D U C T I O N
The genus Hyphomicrobium consists of prosthecate, budding bacteria which are commonly found in soils, aquatic habitats and sewage. The biology of these organisms has been reviewed by Harder & Attwood (1979 , Hirsch (1974 and Moore (198 1 a, b) . Hyphomicrobia exhibit a life cycle with obligate morphological changes : motile swarmer cells are formed at the tip of a hypha (prostheca). During maturation the Hyphomicrobium swarmer cell sheds its flagellum and thus becomes immotile. It develops a hypha as a polar outgrowth which is thus a budding process. When this hypha reaches a certain, distinct length, the formation of a terminal bud is initiated. The bud then grows up to an intermediate size and becomes flagellated. After the cross-wall has been formed, the swarmer detaches from the mother cell. The timing and molecular syntheses during these morphological changes have been described for Hyphomicrobium strain B-522 (Matzen, 1982) . Hyphomicrobia are interesting objects for studying the molecular biology and genetics of this morphogenetic process. In the course of investigating the genetics of Hyphomicrobium strains ( C . G. Gliesche & P. Hirsch, unpublished) we became interested in obtaining naturally occurring gene transfer systems. Since indigenous plasmids for Hyphomicrobium have not been described as yet, our interest focused on phages as potential genetic tools. To date only five virulent Hyphomicrobium bacteriophages have been characterized. Voelz et al. (1971) described phage Hy030 which adsorbed exclusively to the developing daughter cell. The Extraction ofphage DNA. Phage particles were lysed with proteinase K and SDS (Maniatis et al., 1982) . Phage DNA was isolated as described by Davis et al. (1980) .
DNA base composition.
Freshly isolated phage DNA was dissolved in 0.1 x SSC (1 x SSC is 0.15 M-NaCl/O-O15 M-sodium citrate, pH 7.0) and the DNA base composition was determined as described previously (Gebers et al., 1981) . The G + C content was calculated according to Mandel et al. (1970) . To determine the nucleic acid type, a DNAase and RNAase assay was done according to the supplier's instructions (Boehringer).
Sensitivity to chloroform and diethylether. These experiments were done according to Ackermann et al. (1978) . Phages were exposed to solvents for 4 h at 25 "C.
Host-range studies. The host-range of phage isolates was determined by spotting 20 p1 of a phage suspension containing lo8 to 1Olo p.f.u. ml-1 onto an agar overlayer seeded with the strain to be tested. The presence of a lysis zone, after incubation at 30 "C for 7 d, was scored positively.
Bacteriophage adsorption. An exponential-phase culture (200 pl) of the respective host strain was centrifuged in an Eppendorf tube at 12000g for 2 min (Eppendorf Microfuge). The supernatant was discarded. The pellet was resuspended in 600 pl of a high-titre phage suspension (1 x lo8 to 5 x lo9 p.f.u. ml-l) and incubated at 30 "C for 2 h. This mixture was then prepared for electron microscopy.
Electron microscopy. Bacteriophages. Electron microscopic examinations of phage morphology was done using phage preparations purified by CsCl density centrifugation. The method of Lembke et al. (1980) was slightly modified. A carbon-coated mica plate was immersed in the phage suspension so that only partial floating of the carbon film occurred. The glimmer was then transferred into the staining solution (saturated uranyl acetate). With a copper grid (300 mesh) the now-floating carbon film was picked up and excessive staining solution was removed with a filter paper. Microscope magnification was monitored with catalase crystals (Polysciences) as a reference. Dimensions of the phages were evaluated by measuring at least 20 phages.
Adsorption. Bacterial cells together with adsorbed phages were transferred to Pioloform-F-coated (Hert, Munich, FRG) 300 mesh copper grids and negatively stained with 0.5% phosphotungstic acid and 0.025% serum albumin (pH 6.8). The adsorption type was determined by comparing at least 200 bacteria to which the phages had been adsorbed.
Transmission electron microscopy was done with a Philips EM-300 electron microscope. Pictures were taken on Kodak electron microscope film 4489.
R E S U L T S

Eficiency of phage isolation techniques
By using different techniques for phage isolation from sewage, pond water and soil we were able to obtain 55 virulent phages active on a wide variety of Hyphomicrobium strains ( Table 2) . The experiments suggested that the success of a specific phage isolation procedure depended on the choice of the phage sample location for a given strain : ideally, host and phage originate from the same sample or at least the same habitat.
By using the classical enrichment technique (procedure A) and Hyphomicrobiurn soil isolates we were unable to obtain any phage from soil or pond-water samples, and only in one case did an enrichment from sewage give a positive result (35 1 sample volume). Furthermore, phage isolations from sewage using a pond-water isolate were not successful. Good results, however, were obtained when 2 1 pond-water samples were challenged with Hyphornicrobium strains isolated from pond water. About 50% of such enrichments proved to be successful.
With procedure B we were able to isolate phages for soil strain Hyphomicrobium sp. B-522 and related soil strains from every enrichment culture as long as soil samples of about 1000 g from fields, meadows, swamp-mud or compost were tested. Reduction of the amount of soil inoculum resulted in a significant decrease of phage isolation efficiency. With 200 g soil inoculum only 5 % of the enrichments gave positive results (40 tests).
A significant improvement in phage isolation from pond-water samples or sewage was achieved by the modified adsorption/enrichment technique (procedure C). With appropriate sample volumes (2.5 1) almost every enrichment culture yielded a phage if bacterial isolates from pond-water or sewage were used. In contrast, with other Hyphomicrobium isolates (i.e. from soil) it was not possible to isolate any phage from sewage or pond water with this technique.
We also used the simultaneous selection procedure of Auling et al. (1977) . Here we set up 122 Hyphomicrobiurn enrichment cultures using mineral salts medium 337-B. Soil, lake water or sewage samples were the inoculum. Filter-sterilized cultures (2 ml) were checked for lytic phage Hy-8 to Hy-10
Hyfa-5 to Hyfa-7, Hyfa-13 to Hyfa-36, Hyfa-48 Hy-39, Hy-41, Hy-42 activity in 48 cases against a corresponding Hyphomicrobium strain isolated from the same enrichment culture. Filtrates of the remaining 74 enrichments were tested against Hyphomicrobium laboratory strains B-522 and Wi-926. None of these enrichment cultures contained a detectable plaque-forming phage. We also failed to isolate Hyphomicrobium phages from larger volumes of various samples by concentration methods such as polyethylene glycol precipitation (Yamamoto, 1970) , adsorption to aluminium hydroxide (Wallis et al., 1969) , organic flocculation (Katzenelson et al., 1976) , hydroextraction (Shuval & Katzenelson, 1972) and ultracentrifugation (lOOOOOg, 3 h).
Morphology of the new phage isolates
From a total of 55 isolates 42 were characterized in greater detail. All phages were tailed. They had isometric or elongated heads and contractile or non-contractile tails which could be short or long, rigid or flexible. These phages thus belonged to the families Stylouiridae, Myoviridae and Podouiridae. They were classified according to the morphotypes of Ackermann & Eisenstark (1974) : A1 (four phages), B1 (32 phages), B2 (four phages) and C1 (two phages). Electron micrographs of representative phages are given in Fig. 1 , and their dimensions are presented in Table 3 .
Phages Hyfa-1 to Hyfa-4 belonged to the family Myouiridae (morphotype Al). They had a rigid contractile tail with a neck, a sheath and an axial core. The base plate had spikes and four long terminal fibres. Phages Hy-8 to Hy-1 1 had an isometric head and a rigid tail and belonged to morphotype B1. The tail had several rings. Phages Hyfa-5 to Hyfa-7 and Hyfa-13 to Hyfa-37 were morphologically identical. They belonged to morphotype B1, had an isometric head and a flexible tail with several spikes. This type was predominant among the phages of soil hyphomicrobia. Phages Hy-39 to Hy-45 had an elongated head and were morphologically identical to each other (morphotype B2). They had a long flexible tail with two spikes. Aggregation of two phages along the tails was often observed. Phages Hy-12 and Hyza-38 had isometric heads and short tails and belonged to the family Podoviridae and to morphotype C 1. Hyza-38 possessed a base plate with two short tail fibres. Hy-12 lacked a base plate.
Plaque morphology, and chloroform and diethylether sensitivity
All phages (except for Hyza-38) produced round clear plaques. The size of the plaques on a single plate varied two-to eightfold. Generally, plaques had a diameter of 2 mm but varied between 0.5 and 4.0 mm. On older plates (stored at 4 "C for 4 to 12 months) the plaques became slightly turbid and sometimes new clear-plaque mutants arose on confluently lysed plates during storage. When the phages were propagated on bacterial host strains with long generation times the plaque size increased. Phage Hyza-38 formed round, slightly turbid plaques.
Chloroform and diethylether did not significantly reduce the plating efficiency of any of the phages. From these results it was concluded that they did not contain lipid.
DNA base composition
All phages contained double-stranded DNA as indicated by the thermal-transition profiles. In addition, isolated nucleic acids were sensitive to DNAase and insensitive to RNAase. However, staining of phage nucleic acids according to Bradley (1966) gave varying results. Thermal transition midpoints (T,) and the calculated DNA base compositions of 25 representative Hyphomicrobium phages are given in Table 4 . Some of the T, values were exceptionally high, which could be taken as an indication of the presence of unusual bases. Hyfa-5 to Hyfa-7, Hyfa-13 to Hyfa-37, and Hyfa-48
Hy-39 to Hy-42
Hyza-38
Hy-12 # Strains were also lysed by some phages of phage group I (data not shown).
Bacteriophages of Hyphomicrobium
$ These strains were also lysed by Hy-71 (W. C. Preissner, personal communication).
Hyphomicrobium 'zavarzinii', respectively, the new descriptions of which are in the Press.
Host-range determination
Host-range studies of the 42 Hyphomicrobium phages were done using 158 Hyphomicrobium strains ( Table 5 ) : 121 strains were lysed by at least one of these phages. However, 34 Hyphomicrobium strains were not sensitive to any of our phage isolates : they came from brackish water (NQ-521gr, NQ-528, MEV-533, MEV-533gr, WH-563, EN-616, EA-617), fresh water (MC-649, MC-652, GF-855, GF-856, GF-858, 1345 , 1349 , sewage (KB-677, 1458 (KB-677, , 1469 (KB-677, to 1471 (KB-677, , 1476 and soil (MC-624, MC-627, MC-750, MC-874, MC-875, HA-895, HA-897,
The phage isolates could be grouped according to their host ranges (Table 6 ). Phage group I consisted of morphotype A1 phages with a broad host-range. It is interesting to note that these phages reproducibly formed turbid lysis zones on lawns of several host strains. In contrast, phages of group I1 were strongly specific for Hyphomicrobium strains isolated from swamp or swamp-mud with acid pH. Phages of group I11 had a very broad host-range. Nearly 50% of the test strains were lysed by phages of this group. Despite their morphological similarity phages of this group could be placed in several subgroups according to their DNA base compositions and host range on prophage-containing Hyphomicrobium strains (Table 7) . The host range of group IV phages was restricted to hyphomicrobia with spiral hyphae, which were originally isolated from sewage treatment plants (T. Ingermann, personal communication). Group V contained only phage Hyza-38 which was highly specific for rosette-forming Hyphomicrobium ZV-580 and related strains. Group VI had phages which lysed only Hyphomicrobium Wi-926 and related strains. Phages Hy-12 and Hy-71 of this group were morphologically identical and had a similar host-specificity with one exception -Hyphomicrobium 1458 was sensitive only to phage Hy-12.
HA-900, SP-908, 940, 1341 SP-908, 940, , 1228 . t See Fig. 3 .
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$ Only a selection of characteristic hosts is given.
6 Prophage-containing host strains (Table 7) were not lysed by these phage groups.
All phages investigated in this study were specific for bacteria of the genus Hyphomicrobium and were unable to lyse any other hyphal, budding bacteria [e.g. Pedomicrobium, Hyphomonas, genus T, genus D (Gebers et al., 1985) l. Also, Escherichia coli K12 (ATCC 23716) and PseudomonasfIuorescen (DSM 84) were not lysed by any of these Hyphomicrobium phages. On the other hand, phages isolated for the genus Pedomicrobium (D. Majewski, personal communication) for genus T, or for Pirellula (Schlesner & Hirsch, 1988) would not lyse any of the Hyphomicrobium strains tested.
Bacteriophage adsorption
Phage isolates representative of each group were examined by electron microscopy to determine their host-cell attachment sites. Our results are presented in Figs 2 and 3. Adsorption of some Hyphomicrobium phages to susceptible cells has been observed either at random locations of the host cell surface, or in some cases, at very distinct sites. Many phages adsorbed predominantly or exclusively to specific developmental stages and to specific sites of their host strains. However, phage receptor sites were always located on the swarmer cell stage. Some of the phages adsorbed predominantly to the swarmer cell at random locations or exclusively to the distal, flagellated pole of the swarmer cell. Other preferred attachment sites were the hyphal tip, the distal pole of the developing bud and the proximal pole of the mother cell which was formerly attached to its own mother cell hypha. Six different adsorption patterns could be distinguished for the Hyphomicrobium phages investigated.
Pattern 1. Although attachment was difficult to observe with the rosette-forming host strain ZV-580, phage Hyza-38 could be found at random locations of all developmental stages of this bacterium. Swarmer cells, hyphae, hyphal tips and young buds were preferred, however.
Pattern 2. Phage Hyfa-2 attached randomly to almost all stages of Hyphomicrobium strain Wi-926. However, adsorption to hyphal tips and to young buds was never observed. On the other hand, in the case of Hyphomicrobium strain 1148, this phage adsorbed to the whole cell surface without any preference. Pattern 3. This adsorption type was observed when phage Hy-12 was propagated with Hyphomicrobium strain Wi-926. This phage attached randomly to the whole surface of swarmer cells, mother cells, hyphal tips or buds. Phage particles were often seen along the hyphae, but were never properly attached to them.
Pattern 4. Adsorption of phage Hy-1 1 to its host, Hyphomicrobium strain 1159, was highly specific on most cell types. Random attachment was only observed on the swarmer cell. In other stages of the developmental cycle the phages were clustered around the hyphal tip, the proximal pole of the mother cell and the distal pole of the young bud.
Pattern 5. Phage Hyfa-15 adsorbed to Hyphomicrobium strain B-522 exclusively at the poles of swarmer and young mother cells. Pattern 6. This adsorption type was observed for phage Hy-40 on Hyphomicrobium strain 1460 as well as for phages Hyfa-19 and Hyfa-36 on Hyphomicrobium strain B-522. These phages attached specifically to the flagellated pole of swarmer cells. Adsorption to the proximal pole of young mother cells was observed occasionally. 
DISCUSSION
Results of our phage isolation experiments demonstrated clearly that the choice of the host strain and the sample origin were important for successful phage isolation. The adsorption method allowed the isolation of specific phages for certain host bacteria only if the sample was taken from the original habitat of this host bacterium or from an ecologically similar site. This procedure had the advantage that a phage enrichment step in an environment rich in inactivating particles and therefore unfavourable for the phage-host interactions could be avoided. An additional advantage of this technique was the application of the oligotrophic medium for hyphomicrobia, which allowed the hosts to grow under optimal conditions. The final concentration step used in this technique also increased the evidently low phage titre sufficiently for their detection. This technique could also be applied to determine the concentration of Hyphomicrobium phages occurring in natural habitats.
As in other bacterial genera, phages of the family Styloviridae were the most prevalent of the Hyphomicrobium phages found. Phages of groups I, 11, IV and V have not been described previously for the genus Hyphomicrobium. We do not know whether there is any relationship between our phage isolates and those of near-identical morphology with different Hyphomicrobium host strains which have been described by others. Phage Hy-12, for example, resembled phage Hy@22a (Yelton et al., 1979) and Hy-71 (W. C. Preissner, personal communication); minor morphological differences and different adsorption characteristics, however, justified it as a separate entity. The different adsorption patterns and host ranges distinguished our morphotype B1 phages from the morphologically similar phage HyQ32a (Yelton et al., 1979) .
A comprehensive list of the characteristics of the new phage isolates is given in Tables 6 and 7 . Phages Hyfa-1 to Hyfa-4 were closely related or identical. Phages Hy-8 to Hy-11 could be distinguished from each other according to their host-range properties, but otherwise they appeared to be very similar. Phages of group I11 seemed to be closely related but could be distinguished from each other with respect to their host range in the case of prophage-containing hosts and also due to differences in thermal transition midpoints of their respective DNA melting curves.
We observed differences in host-range properties of some phages that originated from different plaques of the same phage. This indicated that small mutation events could result in a wide variety of host-range mutants. Therefore, slight differences in the host range may not be significant for Hyphomicrobium phage differentiation. On the other hand, the phages of group IV and V appeared to be highly specific for only a limited number of host strains, and this could be of potential value for the taxonomy of Hyphomicrobium.
Surprisingly, the Hyphomicrobium phage DNAs differed significantly in T,, which ranged from 66.8 (Hyfa-1 to Hyfa-4) to 93.1 "C (Hyfa-48). These values would correspond to base ratios of 34 to 86 mol% G + C. However, the DNA base composition of all Hyphomicrobium strains investigated as yet was between 59 and 65 mol% G + C (T, method; Gebers et al., 1985) . An explanation for these discrepancies would be the presence of a high proportion of modified nucleotides as has been discussed by Warren (1980) . It is especially interesting to note that these phages displayed a wide host-range among different Hyphomicrobium strains. Attachment of Hyphomicrobium phages described in the literature occurred exclusively on developing daughter cells (Yelton et al., 1979) . In our studies we found several new phages with different adsorption properties. The receptor sites could be scattered randomly over the cell surface or they could also be highly concentrated at distinct locations of one or more stages of the cell cycle. The observation should be stressed that all the phages which we have investigated adsorbed to swarmer cells; in some cases this stage of the developmental cycle was predominantly or exclusively the form that the phage attached to. Similar phage adsorption patterns have been reported for phages active on Caulobacter spp., which are also differentiating, prosthecate bacteria (Poindexter, 198 1) . Some swarmer-cell-specific Caulobacter phages also attached preferentially to the flagellated pole. In agreement with the concept of Morgan & Dow (1984) that the swarmer cell represents a 'shut down' or a 'growth precursor' cell, the preferred adsorption to the stage of the swarmer cell could represent a case of coevolution of the phages, thus giving them an advantage in competition within low-nutrient ecosystems. Phage adsorption to the swarmer cell would result in a better local phage dissemination together with their bacterial host.
We also believe that phages with adsorption patterns 1 to 3 seemed to prefer 'older' cell wall areas for adsorption, whereas phages with patterns 4 to 6 attach predominantly to newly synthesized cell walls. This could be taken as an indication of a cell-wall ageing process, involving parts of the cell surface that interact with the phages.
